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Chromatin immunoprecipitationMeox1 andMeox2 are two related homeodomain transcription factor genes that together are essential for the
development of all somite compartments. Here we show that mice homozygous for Meox1 mutations alone
have abnormalities that are restricted to the sclerotome and its derivatives. A prominent and consistent
phenotype of these mutations is a remodeling of the cranio-cervical joints whose major feature is the
assimilation of the atlas into the basioccipital bone so that the skull rests on the axis. These abnormalities can
be traced back to changes in the relative rates of cell proliferation in the rostral and caudal sclerotome
compartments, and they are associated with alterations in the expression of at least three transcription factor
genes, Tbx18, Uncx, and Bapx1. As previously observed for Bapx1, MEOX1 protein occupies evolutionarily
conserved promoter regions of Tbx18 and Uncx, suggesting that Meox1 regulates these genes at least in part
directly. Hence, Meox1 is part of a regulatory circuit that serves an essential, non-redundant function in the
maintenance of rostro-caudal sclerotome polarity and axial skeleton formation.
Published by Elsevier Inc.Introduction
A key feature in the establishment of the vertebrate body plan is the
transient formation of somites which not only give rise to dermis and
muscle but also to the axial skeleton. Somitogenesis follows a series of
well-orchestrated processes that include polarization and spatially and
temporally regular, reiterative segmentation of presomitic mesoderm,
epithelialization, de-epithelialization, resegmentation, and cell differ-
entiation (Gridley, 2006; Takahashi and Sato, 2008 for recent reviews).
Among the many genes that regulate somitogenesis are two critical
homeodomain transcription factors called Meox1 and Meox2. Meox1
was originally isolated from Mus musculus and in vertebrates is ﬁrst
expressed during gastrulation in earlymesodermand later inpresomitic35, Room 2A-201, 35 Convent
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nc.mesoderm, early somites, and throughout the dermomyotome and
sclerotome, albeit at higher levels in the caudal sclerotome halves
compared with the rostral halves (Candia et al., 1992; Candia and
Wright, 1996). Meox2 is not expressed in presomitic mesoderm but
emerges alongwithMeox1 in epithelial somites. Following the initiation
of dorso-ventral somite differentiation, high-level Meox2 expression is
restricted to the sclerotome where it is again found at higher levels in
caudal compared to rostral halves (Candia et al., 1992; Candia and
Wright, 1996; Mankoo et al., 1999).
The importance of Meox1 and Meox2 in somitogenesis is evident
from our previous analysis of mouse embryos with combined deﬁcien-
cies in both genes (Mankoo et al., 2003). In such mutants, somites
initially formbut they are not organized as epithelial spheres, lack a basal
lamina between them, have no recognizable dermomyotome, and show
neither rostro-caudal polarization nor a sclerotomal segmentation.
Consequently, newborns have profound deﬁciencies in skeletal muscles,
lack ribs, and have a vertebra that particularly in its lumbar part is but a
cartilaginous rod and lacks the customary tail vertebrae. This phenotype
is the result of an alteration, reduction, or plain extinction of the
expression of several somitic genes, including genes involved in early
somitogenesis and differentiation of sclerotome and skeletal muscles.
Hence,Meox1/Meox2 together are needed for proper gene expression in
all somitic compartments (Mankoo et al., 2003).
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two Meox genes in aggregate, they do not address the question of
whether each may also have unique, non-redundant functions. In
fact, previous results have shown that single Meox2 null mutant
mice lack speciﬁc muscles and have a generally reduced muscle
mass but a normal axial skeleton, suggesting that Meox1
substitutes for Meox2 in the sclerotome but not the myotome
(Mankoo et al., 1999). Here, we analyzed single Meox1 null
mutant mice and ﬁnd that they have defects in axial skeleton but
not muscle development, suggesting that Meox2 compensates for
the lack of Meox1 in the myotome but not the sclerotome. The
detailed analysis of the Meox1-associated phenotype shows major
alterations in the cranio-cervical joints that were not anticipated
from the analysis of the double mutants. These abnormalities are
associated with transient imbalances in cell proliferation rates in
rostral and caudal sclerotome compartments particularly in the
rostral, developmentally older somites which give rise to the
altered structures. Moreover, they correlate with alterations in the
expression of three transcription factor genes, two of which, Tbx18
and Uncx (formerly known as Uncx4.1) have previously been
implicated in regulating rostro-caudal cell proliferation rates and
maintenance of somite polarity (Bussen et al., 2004; Haenig and
Kispert, 2004; Kraus et al., 2001; Tanaka and Tickle, 2004), and
one of which, Bapx1, in regulating cell proliferation and chondro-
genic differentiation of the ventro-medial sclerotome (Lettice et al.,
1999; Tribioli and Lufkin, 1999; Akazawa et al. 2000). The results
suggest that Meox1 plays important, non-redundant roles in
maintaining sclerotome polarity and, in particular, formation of
the cranio-cervical joints.
Materials and methods
Generation, breeding, and genotyping of Meox1 mutant mice
Two lines of Meox1 mutant mice, brieﬂy described previously
(Mankoo et al., 2003), were used in this study. One of them,
designated Meox1Tg(Mx1–TAX)2627Arnh and here referred to as Meox1im,
carries a transgenic insertional mutation in Meox1 and was kept on a
mixed [C57BL/6;C3H/HeJ] background. The other, designated
Meox1tm1Bmk and here referred to as Meox1−, carries a targeted allele
of Meox1 and was kept on a mixed [C57BL/6;129/Ola] background. A
detailed molecular characterization of the mutant alleles is shown in
Fig. S1 in the supplementary material. For genotyping, tail DNA was
probed by Southern analysis or appropriate PCR reactions (for primer
sequences, see Supplementary Table S1). Embryos (knockouts,
transgenics, or compound heterozygotes) were genotyped by PCR
reactions using embryonic membranes as source of genomic DNA.
Embryo harvest, in situ hybridizations, histological and skeletal
preparations
Embryos were staged by counting somites or by determining the
time elapsed between the morning a plug was found (E0.5) and
harvest. For whole mount in situ hybridizations, riboprobes
corresponded to position 314–576 of a Meox1 cDNA or to cDNAs
for Meox2, Pax1, Pax9, Hoxd3, MyoD, Pax3, Foxc2 (B. Hogan), Bapx1
(R. Hill), Uncx (B. Hogan), EphA4, Dll3 (M. Kelley), Tbx15 (G. Barsh),
and Tbx18 (A. Kispert). For embryonic cartilage analysis, 50-μm
vibratome sections were prepared from alcian blue-stained embryos.
Skeletal preparations of late gestation embryos and newborns were
produced using a combination of alcian blue and alizarin red staining
(Kessel et al., 1990). For immunocytochemistry (Nakayama et al.,
1998), a rabbit antiserum directed against a MEOX1 fragment
comprising residue 2–136 (Candia and Wright, 1996) and appro-
priate secondary antibodies were used on cryostat sections.Chromatin immunoprecipitation (ChIP) assays
For ChIP assays, caudal tissue extending from the caudal boundary
of the hindlimb bud to the end of the tail was harvested from 6 to 10
embryos (E10.5 or E11.5) and processed as described (Bharti et al.,
2008), except that sonication was used for DNA shearing and ChIP IT
Express Kit (Active Motif) was used for immunoprecipitationwith the
above mentioned rabbit anti-MEOX1 antiserum. Primers appropriate
to amplify subregions in the Tbx18 and Uncx upstream regulatory
sequence (amplicons) were used as described in the text. Primer
sequences are shown in Table S1 in the supplementary materials.
Cell counts, BrdU incorporation, TUNEL, and activated caspase-3 labeling
BrdU (50 μg/g body weight) was injected intraperitoneally into
timed-pregnant mice. Twenty minutes later, mice were given another
injection of 50 μg/g of BrdU and embryos were harvested 100 min
later. Sagittal cryosections were prepared and labeled with mouse
monoclonal antibody to BrdU (Becton Dickinson). TUNEL staining
using terminal deoxynucleotidyl transferase, dUTP-biotin (Roche)
and streptavidin–rhodamin (Jackson ImmunoResearch Laboratories)
was done according to established protocols. Sections were also
labeled with rabbit anti-cleaved caspase-3 antibody (Cell Signaling
Technology) and appropriate biotinylated second antibody. Percent
labeling is expressed as the mean or median of the fraction of labeled
cells/total cells, counted separately for rostral and caudal somite
compartments.
Results
Meox1 deﬁciency leads to a remodeling of the cranio-cervical joints and
to vertebral abnormalities
As brieﬂy described previously (Mankoo et al., 2003), we
generated two lines of mice with distinct null mutations in Meox1.
One of them, Meox1im, carries a transgene array that was fortuitously
inserted into intron 1 of Meox1 and deleted 45,459 basepairs (bp) of
genomic sequence that included exon 2, intron 2, exon 3 and ﬂanking
regions ofMeox1. The other line,Meox1−, carries a targeted allele that
eliminates the transcriptional start site, exon 1, and 2276 bp of intron 1
of Meox1 but leaves the remainder of the gene intact (Fig. S1 in the
supplementary material). Both lines gave rise to homozygous
embryos that lacked stable Meox1 transcripts and MEOX1 protein
(Figs. 1A–F for a comparison between wild type and Meox1im/im) and
that did not show compensatory increases in the expression ofMeox2
(Figs. 1G–J, and data not shown). Hence, we conclude that both alleles
are Meox1 null alleles and that the associated phenotypes are due
solely to the lack of Meox1 and not to some other, unrecognized
genomic alteration.
While Meox1im/+ or Meox1−/+ mice were phenotypically
similar to wild-type mice, homozygous mutants showed a variable,
though consistently shorter-than-normal stature and short, kinky
tails (Fig. 2A). To analyze this phenotype in more detail, we stained
late gestation embryos or newborn mice for cartilage and bone. Most
consistently, the bones of the cranio-cervical joints of Meox1im/im or
Meox1−/− homozygotes or Meox1im/− compound heterozygotes
were remodeled in such a way that the anterior arch of the atlas
(AAA) was assimilated into the basioccipital bone and the neural
arches were partly deleted and/or fused with the exoccipitals and
basioccipitals (Figs. 2B–G and Table S2 in the supplementary
materials). In addition, the dens axis was deleted or projected
upward through the AAA and was fused with the atlas in 16 of 17
homozygotes (Fig. 2D, arrow, and Table S2 in the supplementary
materials). As a result of the entire remodeling of the cranio-cervical
joints, the skull now rested on the axis rather than the atlas.
Fig. 1.Meox1im is a null allele and does not lead to compensatory changes inMeox2 expression. All embryos are at E10.5. (A, D)Whole mount in situ hybridizations forMeox1, using a
Meox1 exon 1 probe whose genomic sequence is not deleted in Meox1im. In contrast to wild-type (A), there is no signal in Meox1im/im (D). (B, C, E, F) MEOX1 protein expression in
wild-type andMeox1im/im transverse (B, E) and coronal (C, F) sections, using a rabbit antiserum to an aminoterminal fragment of MEOX1 protein. (G–J) SimilarMeox2 expression in
wild type (G, H) andMeox1im/im (I, J) embryos. (G, I) Whole mount in situ hybridizations. (H, J) Parasagittal vibratome sections. Brackets in (G) and (I) mark somites analyzed in (H)
and (J), respectively. Brackets in (H) and (J) mark somite boundaries. r=rostral, c=caudal. Bar: 175 μm for B, E; 200 μm for C, F; 150 μm for H, J.
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Meox1 homozygotes also showed vertebral fusions and split vertebral
ossiﬁcation centers particularly in the lumbar and sacral regions,
though the severity of this phenotype varied from animal to animal
(Figs. 2K–N and Table S2 in the supplementary materials). Some
homozygotes also had rib abnormalities characterized by small rib
anlagen (not shown), lack of ribs (Fig. 2I, arrow), or rib bifurcations
(Fig. 2J, arrow). All these skeletal malformations were mild, however,
and so the homozygotes were fertile and had normal life spans.
Loss of Meox1 affects sclerotome patterning and leads to malformations
in cartilaginous skeletal anlagen
To determine the underlying causes of the skeletal malformations,
we performed a histological analysis of the mutant embryos. In
contrast to somites of Meox1/Meox2 double homozygotes (Mankoo
et al., 2003), somites of E9.5 Meox1im/im (Figs. 3A, B) or Meox1−/−
single mutants (not shown) were well deﬁned and subcompartmen-
talized. At E10.5, sagittal sections through the midline (marked by
the presence of the notochord, n), showed mesenchymal condensa-
tions in wild type (arrow in Fig. 3C) but not in Meox1im/im (Fig. 3D).
In parasagittal sections, sclerotomal condensations were visible in
both wild type and mutant but the alternation between rostral (r)
and caudal (c) sclerotome halves was consistently less prominent in
mutant (Figs. 3E, F). Moreover, the dorsal root ganglia, which were
well separated in wild type, were partly fused in mutants (Figs. 3E, F,
arrow). At E12.5, sclerotomal condensations were visible in the
midlines of wild-type and mutant embryos, both in the cranio-
cervical (Figs. 3G, H) and sacral regions (Figs. 3I, J), but compared
with wild type (Figs. 3G, I), mutant condensations were less well
deﬁned and unequally spaced (Fig. 3J, arrows). A prominent
difference was found in the position of the presumptive AAA whichin mutant was not well deﬁned and shifted towards the basioccipital
anlage (Figs. 3G, H, arrow), presaging the subsequent fusion of the
atlas and the basioccipital bone (see above, Figs. 2B–G).
To analyze the formation of cartilage, we stained sagittal and
parasagittal sections of E13.5 and E14.5 embryos with alcian blue. In
wild type (not shown) and Meox1im/+ heterozygotes (Figs. 3K, O),
the cartilage anlagen that eventually give rise to the basioccipital,
exoccipital, atlas, the AAA, and axis were well formed. In Meox1im/im
homozygotes, however, various cartilaginous anlagen were fused. For
instance, the future AAAwas shifted towards the base of the skull and
fused with the basioccipital (arrow in Fig. 3L). One embryo showed
fusions between the neural arches of the future axis and cervical
vertebra 3 (C3) (Fig. 3P), and another a fusion between cervical
vertebra C3 and C4 (C3/4) and a cartilaginous bridge between C7 and
thoracic vertebra 1 (Th1) (Fig. 3Q). These fusions were not associated
with defects in the nucleus pulposus of the intervertebral discs (Figs.
3K, L for E13.5 and high magniﬁcations in M, N for E14.5). Taken
together, the above results indicate that the deformations of the
vertebral bones are foreshadowed in early sclerotomal deﬁciencies
that subsequently affect the corresponding cartilaginous anlagen.
Meox1 mutations affect the expression of Bapx1, Uncx, and Tbx18
Some of the above mentioned phenotypes share similarities with
those encountered with mutations in distinct somitic genes.
Remodeling of the cranio-cervical joints, for instance, has been
observed in mice with targeted mutations in the homeobox gene
Hoxd3, alone or in combination with mutations in Hoxa3 (Condie
and Capecchi, 1993, 1994), and split vertebral ossiﬁcation centers
were seen with mutations in Pax1, Foxc2, and Bapx1 (Iida et al., 1997;
Winnier et al., 1997; Wilm et al., 1998; Lettice et al., 1999; Tribioli and
Lufkin, 1999; Akazawa et al., 2000). Therefore, we investigated
386 S. Skuntz et al. / Developmental Biology 332 (2009) 383–395whether the expression of these and related genes was altered in
Meox1 mutants. Compared with wild type, there were no consistent
alterations in the levels or expression patterns of Hoxd3, Pax1, Pax9
(Figs. 4A–H) and Foxc2 (not shown) in Meox1im/im or Meox1−/−
embryos. Sox9, a regulator of chondrogenesis, also remained normal
in mutants (Fig. S2 in the supplementary material), and so did the
expression of two regulators of myogenesis in the dermomyotome,
MyoD and Pax3 (Figs. 4I–L). Consistent with these latter observations,
we did not see any histological defects in skeletal muscles during
development or abnormalities that could indicate muscle defects in
adults (not shown). Hence, we conclude that Meox2 fully compen-
sates for myotome development in Meox1 mutants.In contrast to the above mentioned genes, the expression of Bapx1,
the mouse homolog of the Drosophila homeodomain gene bagpipe,
was altered. This gene is normally expressed in overlap with Meox1
and is essential for the development of the ventro-medial sclerotome
(Lettice et al., 1999; Tribioli and Lufkin, 1999). Although at E9.5, there
was no difference between control and mutant Meox1−/− embryos
(data not shown), Bapx1 expression was more diffuse and slightly
reduced along the entire rostro-caudal axis at E10.5 (Figs. 5A, B), and
even more so at E11.5 (Figs. 5C, D). Similar observations were made
with Meox1im/im embryos (not shown). These ﬁndings were consis-
tent with earlier results showing that the promoter of Bapx1 contains
MEOX1 binding sites and is regulated by MEOX1 in vitro (Rodrigo et
al., 2004). Hence, Meox1 appears to be required for the proper
maintenance of Bapx1 expression, though not for its initial onset. That
Bapx1 might indeed be part of the Meox1 phenotype is further
suggested by the fact that at E11.5, the reduction in Bapx1 expression
was particularly prominent in the rostral-most sclerotomes (Figs. 5C,
D, arrows) which correspond to somites that give rise to the
basioccipital, exoccipital, atlas, and axis bones where later the
predominant skeletal pathology is found.
To explore why sclerotome polarization in Meox1 mutants was
not as clearly deﬁned as in wild type (see, for instance, Figs. 3E, F),
we speciﬁcally analyzed the expression of genes that are normally
found selectively in the rostral or caudal somite compartment. Uncx,
for instance, is normally expressed only in the caudal half of each
somite and is required for the formation of derivatives of the caudal
lateral sclerotome such as pedicles and proximal ribs (Leitges et al.,
2000; Mansouri et al., 2000). In fact, initial whole mount in situ
hybridizations at E9.5 showed a reduction in the number of Uncx-
labeled rostral somites in Meox1 mutants. Because rostral somites
rapidly disperse, however, it is difﬁcult to assign somite identities
unequivocally during development, and so any comparison between
wild type and mutant critically depends on the choice of appropriate
axial landmarks. Of two proposed landmarks, namely the position
and shape of the dorsal root ganglia (Sporle and Schughart, 1997)
and the rostral boundary of the forelimb bud (Burke et al., 1995), the
latter seems more appropriate for our comparison because in
contrast to dorsal root ganglia, forelimb buds are not altered in the
mutants. In fact, at E9.5 or E10.5, we usually ﬁnd four recognizable
somites rostral to the bud in both wild type and mutant.Fig. 2. Skeletal phenotype of Meox1 mutant mice and their embryos. (A) Examples of
mice homozygous for Meox1im. Crosses between two Meox1im/+ parents produce
offspring that are smaller and have short, kinky tails. All mice with the tail phenotype
are genotypically homozygous (Meox1im/im), and allMeox1im/im homozygotes have the
tail phenotype. Heterozygotes are phenotypically normal. Similar observations were
made with the Meox1− allele (not shown). (B–N) Alcian blue (cartilage)/alizarine red
(bone) skeletal preparations of wild-type and mutant late gestation embryos (B–D, K,
L) and newborn mice (E–J, M, N). (B–G) remodeling of the cranio-cervical joints. (B)
Wild type shows a clear separation of ossiﬁcations of basosphenoid (Bs), basioccipital
(Bo), exoccipital (Ex) and atlas (not depicted). (C, D) InMeox1im/im, the anterior arch of
the atlas (AAA) is either incorporated into the Bo, as shown in (C), or the Bo is
dysmorphic and the Ex fusedwith the atlas (At), as shown in (D). Arrow in (D) points to
the dens axis that is fused with part of the Ex and At. (E–G) Lateral views of the cranio-
cervical joint of wild type (E),Meox1−/− (F), and Meox1im/− compound heterozygotes
(G). (F) Fusion (marked by arrow) of the ventral part of the AAA to the Bo and fusion
(marked by white asterisk) of the At lateral masses to the Ex. Most of the ventral parts
of the axis (Ax), including the dens axis, are deleted (arrowhead) while the caudal part
of the remaining neural arch of the Ax, except for its spinous process, is fused to C3. (G)
Fusion of part of the AAAwith the Bo (arrow) and of the lateral mass of the At with the
Ex. Note disconnection (marked by black asterisk) of the lateral mass of the At from the
remainder of the At. (H–J) Low penetrance abnormalities of ribs. (H) Wild-type
neonate. (I)Meox1−/− neonate. Notemissing rib Th2 on the neonate's left side (arrow).
(J) Meox1im/− neonate. Note bifurcation of distal end of rib Th4 on the neonate's right
side (arrow). (K–N) Lumbar and sacral hemivertebrae inMeox1mutants. (K) Wild type
control. Note normal ossiﬁcation centers in the middle of the vertebral body. (L)
Meox1im/im. Note split of the middle ossiﬁcation centers in lumbar and sacral region. A
similar split in middle ossiﬁcation centers is seen in Meox1−/− (M) and Meoxim/− (N).
Bar 1.0 mm for (K)–(N).
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mutant embryos at E8.5 (not shown). At E9.5, Uncx-labeling was
found in the caudal segments of the four rostral somites in both wild
type and Meox1 heterozygotes (Figs. 5E, G, rostral border of forelimb
bud marked with white lines) but in Meox1 homozygotes, only the
caudal two of these four somites were clearly labeled (Figs. 5F, H). At
E10.5, although all four somites were now labeled independent of
the genotype, their staining was much weaker in the homozygotes
(Figs. 5I, J for whole mounts, K, L for sagittal sections). This
weakness in staining extended to the caudally adjacent somites
(Figs. 5I, J). Hence, it appears that, reminiscent of the ﬁndings with
Bapx1, Uncx expression is initially normal in Meox1 homozygotes
but then not properly maintained in the more rostral, devel-
opmentally older somites.
We then extended the analysis to genes expressed in the rostral
somite compartment. Dll3, a member of the family of Notch ligands, is
normally expressed in the presomitic mesoderm and in the rostral
halves of newly formed somites but is quickly extinguished as somites
mature (Dunwoodie et al., 1997). As shown in Figs. 6A, B, Dll3
expression was similar in wild type and mutant. EphA4, which
encodes an ephrin receptor tyrosine kinase, is normally expressed as
a broad stripe at the rostral boundary of the presomitic mesoderm
that marks the next somite to be formed and as a stripe in the rostral
compartment of the most recently formed somite (Bergemann et al.,
1995; Nakajima et al., 2006). The expression of EphA4 also did not
show a difference between wild type and mutant (Figs. 6C, D). These
ﬁndings are consistent with the observation that Uncx expressionwas
normal in the newly formed, caudal somites.
In contrast to Dll3 and EphA4, Tbx18, a member of the large
family of T-box containing transcription factor genes involved in
mesoderm formation, is normally maintained in rostral somites at
least until E10.5. As previously described (Kraus et al., 2001) and
shown in Fig. 6E, in wild type, Tbx18 was expressed at E8.5 in the
rostral presomitic mesoderm (marked by white horizontal lines in
Fig. 6E), in rostral somite compartments, and in the splanchnic
mesoderm caudal and lateral to the heart tube (marked by
arrowhead in Fig. 6E). Later, it was also found in the epicardium
(Fig. 6F, arrowhead) and in limb buds. In Meox1im/im embryos,
Tbx18 expression was normal in E8.5 presomitic and splanchnic
mesoderm but reduced in somites (Fig. 6J, white lines marking
expression in presomitic and arrowhead in splanchnic mesoderm).
The reduction in somitic expression continued through E10.5
(Figs. 6K–N) and beyond (not shown), arguing against a delayed
onset of expression. Nevertheless, Tbx18 expression was retained in
other tissues where Meox1 was not found at these stages, including
in heart and limb buds (Figs. 6K, M, N). A close relative of Tbx18,
Tbx15, shares similar expression patterns with Tbx18 in limb buds
and is highly expressed in unsegmented cranial mesenchyme but
downregulated rapidly when mesenchymal cells condense into the
skeletal primordia (Kuijper et al., 2005; Singh et al., 2005).
Nevertheless, Tbx15 expression, probed by whole mount in situ
hybridization and analyzed on sagittal vibratome sections, did not
show signiﬁcant differences between wild type and mutant (Fig. S3
in the supplementary material) and so is unlikely to contribute to
the Meox1 phenotype.
MEOX1 binds the Tbx18 and Uncx promoters in vivo
The above results suggested that Meox1 regulates the expression
of Tbx18, Uncx, and Bapx1. In contrast to the promoter region of
Bapx1, where MEOX1 binding sites have been described (Rodrigo et
al., 2004), the promoter regions of Tbx18 and Uncx have not so far
been analyzed in detail and so it is unknown whether Meox1 might
regulate them directly or exclusively via other interposed regulators.
To identify such binding sites, we concentrated on approximately
1 kbp of the respective upstream regulatory regions of both Tbx18and Uncx chieﬂy because interspecies comparisons revealed
sequence conservation only in this region and not further upstream,
and because the regions contained conserved motifs that might
potentially serve as binding sites for MEOX1 (Rodrigo et al., 2004)
(Figs. 7 and S4 in the supplementary materials). To determine
whether Meox1 can bind these motifs in vivo, we performed
chromatin immunoprecipitation (ChIP) assays using caudal somites
of E10.5 or E11.5 embryos as tissue source, the above mentioned
rabbit anti-MEOX1 antiserum for immunoprecipitation, and primers
designed to amplify the potential binding sites and their ﬂanking
regions as schematically shown on the left side of Figs. 7A, B. As
shown in the middle panels of Fig. 7, ChIP assays yielded no speciﬁc
bands for the Tbx18 amplicons a, b, or c (Fig. 7A), or the Uncx
amplicons a, b, and d (Fig. 7B). In contrast, the Tbx18 amplicon d,
covering the potential MEOX1 binding sites 7 and 8, and the Uncx
amplicon c, covering the potential MEOX1 binding sites 4 and 5, gave
MEOX1-speciﬁc bands. These positive amplicons were also found in
Meox1im/+ heterozygotes but not in Meox1im/im homozygotes,
attesting to the speciﬁcity of the MEOX1 antiserum. Interestingly,
the Uncx binding sites 4 and 5 are perfectly conserved from zebraﬁsh
to man, in contrast to the potential binding sites 1–3 and 6–8 which
are less well-conserved. Also, the Tbx18 binding site 8 is perfectly
conserved from bird to mammal, in contrast to the other sites, and
although zebraﬁsh does not have a perfect match for binding site 8, it
has a potential binding site at a similar location relative to the start
site of transcription (Fig. S4 in the supplementary materials). Taken
together, the results demonstrate that MEOX1 is indeed bound to
speciﬁc sites in the respective promoters of Tbx18 and Uncx in vivo
and hence suggest that MEOX1 regulates the maintenance of these
genes at least in part directly.
Lack of Meox1 affects somitic cell proliferation
The fact that Tbx18 expression was reduced in Meox1 mutant
embryos prompted us to compare the consequences of a lack ofMeox1
with those of previously reported alterations of gene dose in Tbx18
(Bussen et al., 2004). Tbx18 null embryos show an increase in the
number of cells in S-phase in the rostral sclerotome compartment, an
increase in the number of apoptotic cells in the lateral rostral
sclerotome compartment, and an expansion of derivatives of the
caudal lateral sclerotome (pedicles, transverse processes, proximal
ribs). Conversely, ectopic Tbx18 expression in both somite halves leads
to an expansion of the rostral at the expense of the caudal
compartment, a reduction in the level of expression of genes normally
found in the caudal halves, and a thinning of caudal somite
derivatives, including pedicles and proximal ribs (Bussen et al., 2004).
In the light of these ﬁndings, we determined the rates of cell
proliferation and cell death in rostral and caudal somite halves of
Meox1 mutants. For these assays, we focused on the occipital and
cervical somites, reasoning that since the major phenotypes were
found in derivatives of these somites, they might give us the best
chance of ﬁnding relevant alterations. The percentage of cells in S-
phase was determined from cryosections of BrdU-treated wild-type
and Meox1im/im embryos, and the percentage of apoptotic cells by
labeling corresponding sections by the TUNEL procedure or for
activated caspase-3. Multiple sections from 2 to 4 embryos of each
genotype were analyzed and the labeled cells were determined as a
fraction of the total cells counted in the respective sclerotome
compartments. Fig. 8A shows low-magniﬁcation representations of
BrdU-labeled sagittal sections. Representative areas selected for
counting are shown for the rostral-most recognizable somites. For
E10.5, the ﬁrst recognizable somite is usually referred to as occipital
somite 4 (O4), but given the absence of an O4-speciﬁc marker
applicable to these sections, we prefer to label it as somite 1. Based on
the above mentioned criteria of the position of the forelimb bud as
revealed from adjacent sections (not shown), wild-type somite 1
388 S. Skuntz et al. / Developmental Biology 332 (2009) 383–395corresponds to mutant somite 1. The percentage of BrdU-positive cells
in wild type was lower in rostral compared to caudal compartments
(p=0.013 for the values obtained from somite 1–7, Student's t-test),
but no signiﬁcant rostro-caudal difference was found in thecorresponding mutant somites (p=0.5). This latter result was due
to an increase in the mean labeling index in the mutant rostral
compartments paired with a decrease in the caudal compartments.
These alterations, considered separately, did not reach statistical
Fig. 4. Lack ofMeox1 does not alter the expression of a number of genes involved in skeletogenesis and myogenesis. Embryos of the indicated genotypes were harvested at E10.5 and
processed for whole mount in situ hybridizations. (A, B) Wild-type andMeox1im/im embryos probed with Hoxd3, dorsal view. (C, D) Wild-type andMeox1−/− embryos probed with
Hoxd3, lateral view. (E–L) Lateral views of embryos labeled with the indicated probes. No signiﬁcant differences between wild type and mutant are seen.
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null mutants that showed increased BrdU incorporation in the rostal
compartments only, without changes in the caudal compartments.
Nevertheless, the end result, the loss of rostro-caudal intrasomitic
differences inMeox1mutants, is consistent with the previous ﬁndings
in E10.5 Tbx18 null mutant embryos (Bussen et al., 2004).
At E12.5, the rostral boundary of the basioccipital derivative of
somite O4 cannot be deﬁned anatomically but we could clearly
visualize the boundaries of cervical somite C1 because of its
relationship to the condensation of the future AAA (arrows in
sections of Fig. 8A). At this time point in development, overall BrdU
incorporation rates were similar in wild type and mutant, and
signiﬁcant rostro-caudal differences were seen with both genotypes
(pb0.0001). As in E10.5 embryos, no signiﬁcant differences were
seen upon comparing rostral wild type with rostral mutantFig. 3. Formation of somites, sclerotome and cartilage inmutant embryos. (A, B) Sagittal sectio
somite epithelialization and separation in both wild type (A) andMeox1im/im (B). (C–J) H&E
the indicated genotypes and ages. Note well-formed mesenchymal condensations in mid-sag
mutant (D). (n) notochord. (E, F) Parasagittal sections through cervical somites. Note clear se
dorsal root ganglia (arrow) inwild type (E). Inmutant, the rostro-caudal separation of lateral
At E12.5, wild type (G) shows well-formed vertebral anlagen and a prominent anlage of the
towards the Bo. (I, J) Wild type also shows well-formed and equally spaced vertebral anlage
unequally spaced (arrows). (K–Q) Alcian blue staining to reveal cartilage at E13.5 and 14.5
heterozygote (K), where the Bo is well separated from the At and its anterior arch (AAA), in h
show similar appearance of the nucleus pulposus of the future axio-cervical intervertebral
heterozygote (O), the cartilage of the Ex, the lateral arches of the At and Ax are well separate
fused. (Q) Represents another homozygous mutant embryo showing a C3/4 cartilage fusion
G–J; 250 μm for K, L, O, P, Q; 38 μm for M, N.compartments, or caudal wild type with caudal mutant compart-
ments. Nevertheless, as suggested from the sections shown in
Fig. 8A, cell densities were still lower in mutant, particularly in C1
and C2 and in the future AAA (arrows). The results are consistent
with the fact that the derivatives of the rostral-most somites, which
give rise to the basioccipital bone, the atlas, axis, and part of the
dens axis (Muller and O'Rahilly, 2003), are more severely and more
consistently affected phenotypically than the derivatives of more
caudal cervical somites.
In contrast to the differences observed with BrdU labeling indices,
no signiﬁcant differences were seen with respect to cell death,
regardless of whether TUNEL staining or activated caspase-3 labeling
was performed to label apoptotic cells (Fig. 8B, showing histology for
TUNEL and histology and quantitation for activated caspase-3
labeling). Hence, taken together, the results suggest that Meox1ns through the ﬁrst and second rostral somite at E9.5 (24 pairs of somites) shownormal
stained sagittal sections through the cervical (C–H) and sacral (I, J) region of embryos of
ittal section in wild type (C, arrow) but absence of such condensations in age-matched
paration of rostral (r) and caudal (c) portions of lateral sclerotome compartments and of
sclerotomes is less well deﬁned and the dorsal root ganglia are partially fused (F, arrow).
AAAwhile in the mutant (H) the anterior arch is barely visible and shifted (arrow in H)
n in the sacral region (I) while in the mutant (J), the anlagen are less well deﬁned and
as indicated. (K, L) Sagittal vibratome sections of the cervical vertebra. In contrast to
omozygotes, the AAA cartilage forms a bridgewith the Bo (L). (M, N) Vibratome sections
disc in E14.5 wild type (M) and mutant (N). (O–Q) Parasagittal vibratome sections. In
d, while in a homozygote (P), the lateral arch of the Ax and cervical-3 (C3) vertebra are
and a C7/Th1 (thoracic-1) cartilage bridge. Bar: 60 μm for A, B; 95 μm for C–F; 64 μm for
Fig. 5. Expression of markers altered by the absence ofMeox1. Embryos of the indicated ages and genotypes were processed for whole mount in situ hybridization. (A–D) Labeling for
Bapx1. Note that homozygous mutants show a slight reduction in staining along the entire axis at E10.5 and a more pronounced reduction at E11.5, in particular in rostral sclerotomes
(arrows). (E–L) Labeling for Uncx. Note diminishment of staining in the rostral-most sclerotomes of theMeox1mutants. The rostral border of the limb bud is indicated (white line).
(K, L) Sagittal vibratome sections through the rostral sclerotomes of Meox1−/+ (K) and Meox1−/− (L). (r) rostral and (c) caudal sclerotome compartment.
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speciﬁc rates of cell proliferation.
Discussion
We show that two distinct null alleles of Meox1, each lacking a
different essential portion of the gene, cause similar recessive
phenotypes that affect the development of the axial skeleton but
leave other somite derivatives and the appendicular skeleton intact.
In contrast to the combined lack of both Meox1 and Meox2, which
severely disrupts somitic gene expression and somite formation, the
lack of Meox1 alone does not cause visible changes in the expression
of many somitic genes and does not impair early somitogenesis.
Indeed, alterations in expression were found only with three genes,
Tbx18, Bapx1, and Uncx, with the latter showing abnormalities only in
the developmentally older, rostral somites. This ﬁnding is consistent
with the fact that the most prominent feature of the Meox1
phenotype was a remodeling of the cranio-cervical joints which are
derived from rostral somites.
Our observations provide multiple lines of evidence that the
rostral abnormalities are due to developmental alterations in cellproliferation rates within the corresponding somites. First, at E10.5,
changes in BrdU incorporation rates eliminate the characteristic
intrasomitic rostro-caudal gradient and suggest an increase in rostral
at the expense of caudal cell proliferation. Second, although the
intrasomitic rostro-caudal differences in BrdU incorporation rates are
restored at E12.5, they seem not to be able to fully compensate for
the earlier abnormalities as cell densities are still abnormal,
particularly in the rostral-most identiﬁable sclerotomes. Third,
there are no genotype-dependent differences for markers of cell
death. Fourth, the two Meox1 mutations are both associated with a
reduction in the expression levels of Tbx18, a gene whose null
mutation has previously been shown to lead to changes in BrdU
incorporation rates in rostral compared to caudal somite compart-
ments. Fifth, Bapx1, which is required for the development of midline
components of vertebrae and the somite-derived basioccipital and
exoccipital bones of the chondrocranium (Tribioli and Lufkin, 1999),
has also been reported to affect cell proliferation in the ventro-
medial sclerotome (Akazawa et al., 2000). Sixth, MEOX1 protein is
bound to conserved promoter sequences of Bapx1 in vitro (Rodrigo et
al., 2004) and Tbx18 in vivo, suggesting that Meox1 regulates these
genes at least in part directly.
Fig. 6. Expression of markers speciﬁc for the rostral sclerotome compartment. (A, B) Dll3 expression (E10.5) in wild type (A) andMeox1im/im (B) is similar in presomitic mesoderm
(PSM) and newly formed somites. (C, D) Expression of EphA4 inwild type (C) andMeox1im/im (D) is similar in the next forming somite and recently formed somite. (E–N) Expression
of Tbx18 in embryos of the indicated genotypes and ages. (E) At E8.5, a wild-type embryo shows two thin stripes in presomitic mesoderm (marked with horizontal lines) as well as
staining in the rostral halves of somites. The arrowhead points to staining of the splanchnic mesoderm around the heart tube. (J) A correspondingMeox1im/im embryo shows similar
label in presomitic mesoderm (horizontal lines) but reduced staining in somites. The splanchnic mesoderm around the heart tube, however, is strongly labeled (arrowhead). At all
stages thereafter, Tbx18 shows weaker somitic staining in mutant (K–N) compared with wild-type embryos (F–I) but normal staining in the proepicardium and in limb buds
(compare F with K, H with M, arrowheads marking proepicardium). (G, L) Sagittal vibratome sections through the tails.
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and Bapx1 all affect BrdU incorporation rates, differences exist
between the mutants with respect to the regulation of Uncx and the
generation of more caudal phenotypes such as lumbar/sacral
hemivertebrae and short, kinky tails. Previous results have shown,
for instance, that in Tbx18 mutants, Uncx expression is increased
(Bussen et al., 2004), but in Meox1 mutants, we ﬁnd it to be
decreased. Originally, it has been postulated that the increase in
rostral-compartment Uncx expression in Tbx18 mutants results from
an immigration of caudal, Uncx-positive cells into the rostral
compartment (Bussen et al., 2004). Such rostral migration has not
been demonstrated, however, and so it was equally plausible that
the increase in Uncx expression was due to a change in gene
transcription directly in the rostral compartment. Indeed, the more
recent ﬁnding that TBX18, in collaboration with Groucho, serves as a
transcriptional repressor on a variety of promoters is compatiblewith a role of Tbx18 in repressing Uncx, be it direct or indirect
(Farin et al., 2007). But why, then, would a decrease in Tbx18
expression in Meox1 mutants lead to a reduction in Uncx expression,
and this in both the rostral and caudal compartment, at least of
rostral somites? We propose that this is so because Meox1 is needed
for the maintenance of Uncx expression, so that in the absence of
Meox1, the lack of Tbx18 can no longer de-repress Uncx. This view
is supported by the ﬁnding that MEOX1 binds to conserved
sequence elements in the putative Uncx upstream regulatory region,
and it is compatible with the observation that in Meox1 mutants,
caudal derivatives such as pedicles, transverse processes, and
proximal ribs are not expanded as seen in Tbx18 mutants. The
results suggest, therefore, that for the rostral somites, Meox1, Tbx18
and Uncx are linked in regulatory crosstalks as schematically
depicted in Fig. 9. This scheme is based on the previous observation
that overexpression of the transcriptional repressor Tbx18 (Farin et
Fig. 7. In vivo binding of MEOX1 protein to promoter regions of Tbx18 and Uncx. ChIP assays performed as indicated in Materials and methods. (A) Tbx18 regulatory region. The left
side shows the location of conserved potential homeodomain binding sites and the position of the respective amplicons. The middle panels show the bands resulting from the
ampliﬁcation of these amplicons from genomic DNA, DNA after shearing (input) and after immunoprecipitation with either control IgG or rabbit anti-MEOX1 antiserum. Only
amplicon d shows MEOX1-speciﬁc ampliﬁcation (arrow). The right panel shows the corresponding band for amplicon d in Meox1im/+ and the absence of this band in Meox1im/im.
(B) Similar analysis for the Uncx regulatory region. Note that here, only amplicon c gave a MEOX1-speciﬁc signal in wild-type and Meox1im/+, and no signal in Meox1im/im.
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al., 2004), and the results in this paper that Tbx18 and Uncx are
targets of Meox1. A crucial feature of the proposed regulatory loops
is an initial rostro-caudal gradient of Meox1 expression which is
ultimately responsible for compartment-speciﬁc gene expression
and the maintenance of sclerotome polarity. Nevertheless, how this
gradient is established and maintained, how it integrates with other
genes including Bapx1, and how these genes affect cell proliferation
still need to be explored.
While the rostral abnormalities can thus be explained by the
combined alterations in the expression of Tbx18, Uncx, and Bapx1,
an explanation for the caudal phenotypes such as hemivertebrae
and short, kinky tails may have to rest on the reduction in Bapx1
expression alone. For instance, a reduction of Tbx18 along the entire
rostro-caudal axis would not in itself explain these phenotypes as
the lack of Tbx18 in Tbx18−/− mice, while leading to an overall
shorter body axis similar to that observed with Meox1 mutants,
does not cause speciﬁc abnormalities in lumbar or tail vertebrae.
Also, Uncx is unlikely to be involved as it remains normally
expressed in more caudal somites. In contrast, Bapx1 null mutants
show hemivertebrae and kinky tails (Tribioli and Lufkin, 1999;
Lettice et al., 1999; Akazawa et al., 2000). Nevertheless, it cannot be
excluded that for the manifestation of the full skeletal phenotype,
still other genes need to be affected, even if their alterations might
not easily be seen by in situ hybridization.Taken together, then, a picture emerges in which Meox1 has a
non-redundant function, not for the initial steps in somitogenesis
including segmentation and polarization, but for the maintenance of
sclerotome polarization over prolonged developmental time, as
manifested mostly in the rostral somites. Given that in the Meox1/
Meox2 double mutants, somite polarization and sclerotome segmen-
tation are entirely absent, we conclude that sclerotomal Meox2
expression is sufﬁcient to compensate for the lack of Meox1 during
the initial, but not the later, steps in somitogenesis. In fact, our
previous analysis of double mutants has already hinted at functional
dissimilarities between the two proteins in the sclerotome when we
noted, in an analysis limited to skeletal stains of newborns, that the
presence of just one copy of Meox1 (and none of Meox2) leads to
normal lumbar vertebrae, while the presence of one copy of Meox2
(and none of Meox1) leads to split lumbar vertebrae (Mankoo et al.,
2003). Although it is unclear whether this difference is due to a
difference in sclerotomal expression levels between Meox1 and
Meox2 or to intrinsic differences in the activities of the corresponding
proteins, it indicates that Meox1 and Meox2 have functionally
diverged following an ancient gene duplication even within still
overlapping sclerotomal expression domains.
It is noteworthy that there are numerous human spondylocostal
syndromes that share parts of the axial skeletal phenotype observed
in Meox1 mutant mice, including remodeling of the cranio-cervical
joints, hemivertebrae, and vertebral fusions. Interestingly,
Fig. 8. Cell proliferation and cell death inwild-type andMeox1im/im sclerotomes. (A) BrdU incorporation. Left side shows representative areas selected for counting, with dashed lines
marking the separation between rostral and caudal sclerotome. For E10.5, a total of 9332 cells were counted in wild type and 7401 in mutant (2 embryos/genotype, 4 sections total/
somite 1–7). For E12.5, a total of 6950 cells were counted in wild type and 6405 cells in mutant (2 embryos/genotype, 3 sections total/somite C1–C2, 2 sections total/somite C3–7).
For somite labeling and alignment, see text. Percent BrdU labeling (BrdU-positive cells/total cells×100) is shown in the bar diagram on the right. Statistical analysis (Student's t-test)
shows signiﬁcant rostro-caudal differences for the combined values of somites 1–7 in wild type (⁎⁎, p=0.013) but not in Meox1im/im mutants (∅ , p=0.5), and no signiﬁcant
differences if rostral or caudal labeling are compared betweenwild type and mutant (∅, pN0.34). At E12.5, mutant somites still show reduced cell densities, particularly apparent in
C1 and C2 and in the region of the anlage for the anterior arch of the atlas (arrows, area excluded from counting), but rostro-caudal differences in BrdU labeling indices are restored.
Statistical analysis as for E10.5. (B) TUNEL and activated caspase-3 labeling at E10.5. For TUNEL labeling (red ﬂuorescence), cervical somites are shown, with the white marks
outlining tangential sections through dorsal root ganglia (DRG). Brackets mark sclerotome boundaries. Underneath are examples of activated caspase-3-positive cells in the lateral
sclerotome. The box plots on the right are based on counts for somite 1–7 (three sections per somite, two embryos per genotype, with a total of 11,094 cells counted for wild type and
10,062 cells for mutant.). Median, third quartile and maximum percentage of positive cells (positive cells/total cells×100) are shown. Differences were not statistically signiﬁcant
(Student's t-test).
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Fig. 9. Schematic representation of regulatory loops that link Meox1, Tbx18, and Uncx
and operate in rostral somites. We propose that the regulatory loops are in principle
similar in the rostral and caudal somite compartments but that initial rostro-caudal
differences in the expression levels of Meox1 (and Meox2, not shown) allow for high-
level Tbx18 expression in the rostral compartment, and high-level Uncx expression in
the caudal compartment. Intersections of these pathways with Bapx1 are not shown as
little is known about potential crossregulations between Tbx18, Uncx and Bapx1. For
details, see Discussion.
394 S. Skuntz et al. / Developmental Biology 332 (2009) 383–395occipitalization of the atlas is associated with chromosomal abnorm-
alities such as the deletion of the chromosomal region 22q11.2 that
includes the TBX1 gene (Ricchetti et al., 2004; Gholve et al., 2007). To
our knowledge, however, none of these syndromes is an exact
phenocopy of what we here describe in mice. Moreover, none of
these syndromes has so far been precisely mapped to where MEOX1
resides on human chromosome 17, TBX18 on human chromosome 6,
UNCX on human chromosome 7, or BAPX1 on chromosome 4.
Nevertheless, epigenetic dysregulation of BAPX1 expression has been
proposed to be associated with breakpoints of translocation involving
chromosome 4 in patients with oculo-auriculo-vertebral spectrum
(Fischer et al., 2006). From these observations we conclude that
MEOX1 and the molecular pathways, of which MEOX1 is part, are still
valid candidates for human abnormalities of the spine whose
molecular causes have not yet been determined.
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